Motion estimation is an essential ability for sighted animals to survive in their natural 10 environment. Many anatomical and electrophysiological studies on low visual levels have been 11 based on the classic pioneering HRC (Hassenstein & Reichaedt Correlator) computational model. 12 The accumulated experimental findings, which have given rise to a debate in the current 13 computational models regarding the interaction between the On and Off pathways. The previous 14 algorithms were challenged to correctly predict physiological experiment results and the two types 15 of motion: a) Phi motion, also termed apparent motion. b) Reverse-phi motion that is perceived 16 when the image contrast flips during the rapid succession. We have developed a computational 17 model supported by simulations, which for the first time leads to correct predictions of the 18 behavioral motions (phi and reverse-phi), while considering separated On and Off pathways and is 19 also in agreement with the relevant electrophysiological findings. This has been achieved through 20 the well-known neuronal response: the rebound response or "Off response". We suggest that the 21 rebound response, which has not been taken into account in the previous models, is a key player in 22 the motion mechanism, and its existence requires separation between the On and the Off pathways 23 for correct motion interpretation. We furthermore suggest that the criterial reverse-phi effect is 24 only an epiphenomenon of the rebound response for the visual system. The theoretical predictions 25 are confirmed by a psychophysical experiment on human subjects. Our findings shed new light on 26 the comprehensive role of the rebound response as a parsimonious spatiotemporal detector for 27 motion and additional memory tasks, such as for stabilization and navigation. 28 29 32
Introduction 30
The ability to detect motion is an essential quality for an animal's survival (Clark et idea that a response from the first unit is delayed through a delay component (tau) , and this 146 response can be superimposed with a response from the second unit at a shifted location and at a 147 later time. The DS response has to be followed by the rules of connectivity, which have been 148 found experimentally, i.e., On (green lines) and Off (blue lines) pathway responses are processed 149 separately. Phi motion: A stimulus provided by a light bar is moving from the left location to the 150 right location (a) . Two types of center-surround cells, On-center and Off-center, receive input 151 from the same photoreceptor: The light bar simultaneously activates the On-center cell and 152 inhibits the Off-cell (b) . These signals are also half-wave-rectified (HWR), and thus, only 153 transmit positive values for the responses (b). The output from On-cell, at the first location, is 154 then temporally delayed by the delay component, τ (c) . When the light bar stimulus is presented 155 to the second photo-receptor, it also activates the On-center cell and inhibits the Off-center cell. 156 Both the delayed signal from the first location and the signal from the second location arrive at 157 the directional selectivity cell (T4) simultaneously and activate it, while the other DS cells remain 158 inactivated. Reverse-phi motion: in this type of motion the stimulus is presented at the second 159 location with an opposite polarity, therefore, the On-pathways are not activated from both Simulations and experiment 166 The model and its predictions have been tested by both simulations, and a psychophysical 167 experiment, which examined whether there is a simple way to abolish the reverse-phi effect and 168 thus to shed more light on this enigmatic effect. stimuli. The stimuli are presented in the framework of apparent motion, i.e., with the images presented in rapid succession. The first cross-correlation (left response column) was calculated 174 between Frame 1 (the stimuli at time t1) and Frame 2 (the stimuli at time t2), for each type of 175 stimulus, separately. The second cross-correlation (right response column) was calculated 176 between Frame 2 and the rebound response of the stimulus at t1 (rebound responses of Frame 1). 177 The figure presents 10 combinations of light and dark bars moving to the right or left, in both phi 178 and reverse phi types of motion. Phi motion: This type motion is illustrated through a light bar 179 stimulus "moving" to the right (a) or to the left (b); while a dark bar stimulus was presented as 180 "moving" to the right (c) or to the left (d). A dark bar is presented as "moving" from left to right 181 (e), on a white background. Reverse-phi: A dark bar is presented as moving from left to right (g) 182 and right to left (g). A light bar is presented as "moving" from left to right (h) and from right to 183 left (i). A dark bar is presented as "moving" from left to right (j) on a white background. caused the Off DS cells to respond significantly. In the reverse-phi motion, however, the responses 206 were different. With a dark bar in the 1 location (frame 1) and a light bar in the 2 location (frame (f-j). Note that the reverse-phi motion therefore occurs at a slower rate or is temporally delayed. It has been suggested that the mechanism for the aftereffect is the rebound response (Grossberg The psychophysical results indicate that the addition of a noise mask frames significantly 250 improved the proportion of correct responses in the reverse-phi stimulus type and brought the 251 scores close to the level obtained with the masked phi stimuli. It should be noted that the addition 252 of noise mask frames, had only a minor influence on the responses to the phi type of stimulus type.
253
The results for phi and reverse-phi stimuli, suggest that the introduction of a noise mask cancels In order to assess whether the rebound response is crucial to the perception of motion and assess 271 the importance for the prediction for both the phi and reverse-phi movement, we conducted a 272 psychophysical experiment that disrupts the mechanism of the rebound response and therefore 273 abolishes the aftereffect (Haber and Standing 1970) . For this purpose, we used a noise mask The existence of the rebound response in the retina/insect's optic lobe, has been proven by many 281 electrophysiological studies on insects and mammals, after its presence was previously well computational mechanism has to combine the On and the Off pathways. 312 We argue that this conclusion is not necessarily correct for two reasons: the first being that that 313 there is an additional explanation with separated ON-OFF channels that can explain their results. only consider the temporal properties by the "turning on" and the "turning off" (rebound) 348 responses. The crucial mechanism that explains the reverse-phi in our model is the rebound 349 response and not the temporal shape of the neuronal response. at this stage a novel psychophysical experiment on human observers that has the potential to 354 confirm or refute our suggested model. 355 We were able to abolish the reverse-phi perception, for all four observers (Fig 3) by applying a 356 simple noise mask that eliminated the rebound response in the experiment (Fig 3) , we found that 357 the mask abolishes the reverse-phi perception. This psychophysical result therefore provides 358 strong support for our underlying assumption that the rebound effect is the root cause of both the 359 aftereffect and the reverse-phi effect, i.e., canceling the rebound response cancels the reverse-phi 360 illusion. We believe that all the other models should also be confronted with our new 361 psychophysical effect, and challenged to predict the existence or abolition of the reverse phi effect 362 by the addition of a noise mask. mask, we assume that they will not be able to predict the cancellation of the reverse-phi effect by 366 the mask, but appreciate that it has to be tested directly.
367
Indeed, the reverse-phi illusion has found much use as one of the validation criteria for motion 368 models. This raises the question of whether there is a general functional role of the reverse-phi 369 with computational/other benefits. We ask here whether this type of effect has a functional role in 370 a natural environment and in the motion mechanism itself, or is rather just a side-effect of the 371 motion mechanism. A recent study (Salazar-Gatzimas, Agrochao, Fitzgerald, Correspondence, & 372 Clark, (2018)) suggested that the reverse-phi effect is an essential part of the motion mechanism. 373 The reasoning was that such an effect occurs in natural environments when the edges of an object We, however, we do not agree with this concept (Salazar-Gatzimas, Agrochao, Fitzgerald, 379 Correspondence, & Clark, (2018)), since it is not common for an object to abruptly switch polarity 380 in a natural environment. We do appreciate that the edges of an object might sometimes appear to 381 switch polarity, for example, if there are repeated instances of an object in the scene (e.g., tree obtaining a perceived image of an object apparently moving in the opposite direction (a response 384 to an illusory direction).
385
The role of the rebound response -In contrast, to the previous considerations, the rebound 386 mechanism can predict additional motion illusions, such as "motion aftereffect" or "waterfall Fig 1(d) .
430
The model is a correlative model, which performs a correlation between two signals that are 431 separated both in time and space domains. This type of correlation is similar to the common HRC 432 model and its variants (Von Hassenstein and Reichardt 1956), Fig 1(d) .
433
Input: The moving stimuli 434 The stimuli consist of light or dark bars that move from left to right or vice versa. In the phi motion 435 stimuli, a light or dark bar moves, while in the reverse-phi stimuli a light or dark bar moves and 436 then changes its polarity at the second spatial location (i.e., a dark bar becomes a light bar at a 437 later time ), Fig 1 I(a) and Fig 1 II(a) . The direction of the moving bar is determined according to 438 the order of the temporal appearance of the bar at the two locations. If the bar is displayed first at 439 the right side, and then at the left side, the real direction is leftward, and vice versa to the other The second computational stage involves the On and Off receptive fields, Fig 1 I(b) and Fig 1 II(b) . (1). In order to calculate the Off channel ( , ), we performed the opposite subtraction, i.e., where is the intensity of the image (which is composed of a bar stimulus and a background,
466
Frames 1-2 in Fig 2) at time, t = {0,T} (time t = 0 or t = T, respectively, Fig 2) . is the 467 background of the image (BG = 0.5 in the stimuli (a-d) and (f-i), BG = 1 in the stimulus (e) and in 468 the first frame of the stimulus (j), and BG = 0 in the second frame of the stimulus (j), Fig 2) .
470
The Rebound Response
471
The rebound response is first applied in our motion model, Equation (3-4). It is an excitatory 472 neuronal response that occurs after turning off an inhibitory stimulus (Kuffler, Nicholls, and 473 Martin 1984). This classical response was found in many stages in the visual system including the 474 Bipolar cells in the mammalian retina, and L1 and L2 cells in the fly optical lobe (Laughlin, 475 Howard, and Blakeslee 1987). We suggest here that this type of response is essential for 476 understanding a mechanism that is related to the basic motion effects in the optic lobe or the 477 retina.
478
Even though the model for the rebound response, including its properties and parameters, have Leonhardt et al. 2017 Leonhardt et al. , 2016 . It is reasonable to assume that the visual 489 system has many motion detectors that vary in their spatial distance and temporal properties, 490 including the magnitude of the delay and the latency of the rebound responses. In our model, for 491 sake of simplicity, we describe only a single motion detector unit, Fig 1. 
492
In the simulations, we use a variety of motion detectors, which have a constant delay parameter, 493 but have a range of different distances between the two photoreceptors in the single motion 494 detector (d = x2-x1), Fig 1. The distances, d, vary from , (Table 1) . 
502
We implemented the directional selectivity responses through Equations (5-8 The equations (5-8) describe the correlation between the appearance of the first frame (Frame 1) 516 and the presence of the second frame (Frame 2). The model also takes a secondary response (the 517 disappearance of the first frame) into account, i.e., the rebound response results from the stimulus 518 in the first frame. We, therefore, demonstrate the DS responses to this secondary response, as In the current experiment, we tested the two types of motions -phi and reverse-phi, with eight 530 different apparent moving stimuli combinations, Table 1 . These stimuli were adopted from Kitaoka 
535
The eight stimuli, Table 1 , are merged here into four types of stimuli: 1) Phi motion stimuli: two 536 classical phi stimuli (with clockwise or counterclockwise rotation), where each is composed of 10 537 frames, Table 3 : row 1-2, (Kitaoka 2015) . 2) Reverse-phi motion stimuli: Two classical reverse-phi 538 stimuli (clockwise or counterclockwise rotation), where each type of motion is composed of 10 539 frames. In these stimuli the even frames are displayed with an opposite (reverse) contrast, Table 3 : 540 row 3-4, (Kitaoka 2015) . 3) Masked-phi motion stimuli: two types of masked phi stimuli (clockwise 541 or counterclockwise rotation), which are built from the frames of the classical phi stimuli, but with 542 the addition of a noise frame mask inserted between every two frames of the classical stimulus.
543
The random mask is composed of uniformly distributed random noise, i.e., each pixel's value is 544 randomly selected from the range (0-1), for each noise frame, separately. This noise frame (mask) 545 is displayed for a duration of 20 ms, Table 3 : row 5-6. 4). Motion stimuli of masked reverse-phi:
two types of masked reversed phi stimuli (clockwise or counterclockwise rotation), which are built 547 from the frames of the classical reverse-phi stimuli. In this type of stimuli, we also added a mask 548 frame, which displayed for 20 ms, between every two frames, similarly to the masked-phi stimuli 549 Table 3 : row 7-8. The total duration of the classical stimuli (the phi and the reverse-phi) 550 presentation was 1000 ms. The total duration of the presentation of the masked stimuli was 551 1200 ms. Observers viewed the stimuli on a flat-screen monitor placed at a distance of 62 cm. Participants 579 registered a binary response to each trial, with participants pressing either of two keyboard 580 buttons to indicate the perceived direction of motion (clockwise rotation or counterclockwise 581 rotation). The observers, therefore performed force choice task. No feedback was provided.
582
Data Analysis
583
The observers' results were assumed to represent a sample of a binomial distribution, due to the 584 nature of the task. forced choice task. The proportion of correct responses (p = c/n), therefore, was 585 computed from the ratio between the correct responses -(c) -(i.e. the perceived rotation direction 586 is identical to the physical rotation direction) and the total number of group presentations (n), for 587 each group. The standard deviations (SD) were calculated by using the binomial equation 
